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The catalytic vapor-phase isomerization,
hydrogenolysis, and/or disproportionation of trimethyl-
benzene (TMB) over Co-Mo/A1203 and Ni-W/A1203 was
studied at 480°C, 400 psi reactor pressure, and a
constant H
2 
flow. Each catalyst was run in the reduced
or sulfided form. The results show a marked difference
in the product distributions for each catalyst, which
is attributed to differences in the catalysts'
acidities.
The ,lydrodenitrogenation (HDN) of TAinoline and
ti e )icirodesulfurization (HDS) of benzothiophene were
also studied. The compounds were reacted in a 1 liter
autoclave at 325°C and varying partial pressures of H2
.
The same s3')ported metal catalysts used in the TMB
study were evaluated in the reduced or sulfided forms
for HDN and HDS activity. The differences in activity
and selectivity of the two catalysts are correlated
with the acidity determined by the TMB probe reaction.
vi
INTRODUCTION
With the depletion of the world's supply of
petroleum, it becomes increasingly important to find
viable alternatives. Various energy reservoirs such as
geothermal, solar, wind, and synthetic fuels are being
explored as partial or total replacements for the crude
petroleum.
Berkowitz, in his book, An Introduction to Coal
Technology, discusses a number of coal liquefaction
(1)
processes that have been recently developed
Although the actual liquefaction has been carried out,
the presence of heteroatoms, namely nitrogen, sulfur,
and oxygen, create special problems when upgrading and
refining the liquified crude. The release of NOx and
SO
x 
into the atmosphere from the combustion of these
liquid products is a primary concern of environmen-
talists. Therefore, the removal of these heteroatoms
is essential before a clean burning fuel can be
produced.
The sulfur in coal is found primarily in the form
of thiophenes. Among the thiophenes, the benzo-and
dibenzo-derivatives predominate. Nitrogen occurs in
5-or 6-ring heterocycles such as indoles, quinolines,
and carbazoles. Phenolic oxygen is the primary
1
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heteroatom of coal oils with the fused ring furans and
carboxylic acids being present in the residuums
(2)
Upgrading, the removal of the heteroatoms, is
normally effected by hydrogenation over a cobalt-
molybdenum (CoMo) or nickel-tungsten (NiW) catalyst at




A key to understanding the upgrading reactions-
hydrodenitrogenation (HDN), hydrodesulfurization (HDS),
and hydrodeoxygenation (HDO)- is the elucidation of the
ole played by the catalyst. There are some aspects
that must be taken into consideration when choosing a
catalyst. It must first of all have a high initial
activity and good aging characteristics. A good ini-
tial performance may rapidly decline due to factors
su '1 as coking, sintering, metal deposition, and
poisoning; *t.erefor,f, a crucial aspect in developing
.An upgrading catalyst continuous operation for ex-
Lended periods(3)
Although physical properties such as pore volume,
surface area, percent metal coverage, and support type
help define the catalyst, activity and selectivity
depend upon much more than physical properties alone.
Factors such as temperature, pressure, acidity, nature
of reactant, and flow rates all play a part in deter-
mining the catalyst function for a given set of con-
ditions.
3
A number of approaches have been taken to dif-
ferentiate among the various catalyst activities. One
of the most widely used techniques is to employ a model
system which mimics that of the complex reaction net-
work. Once the model system has been sufficiently
understood, it is then used to predict the catalyst
role in more complex systems.
Another very similar approach is to use a probe
reaction to elucidate catalyst activity. The probe
reaction need not be related to the system under study
except in the selection of the catalyst. The probe
reaction should be able to differentiate among the
catalyst activities by some measureable quantity, such
as different product distributions.
In this research a probe reaction, the conversion
of trimethylbenzene to isomerization and/or hydrogen-
olysis products, was used as a measure of the
catalyst's acidity. These results were used to explain










because of their availibility and widespread use in
hydroprocessing. They were first examined with the TMB
probe reaction and then with the simultaneous HDN and
HDS reactions.
Quinoline and benzothiophene were chosen as being
representative of the heteroatom containing compounds
4
in a middle distillate fraction from a liquefaction
process. Besides being readily available, their con-




The activity and selectivity of a catalyst must be
identified in order to produce the desired effect.
Catalyst activity and selectivity have been explained
through the adsorption of the reactant on different
surface sites. A reactant can be aOsorbed in different
forms on the surface of a heterogeneous catalyst and
each adsorbed form may give rise to a different
product. The different adsorbed forms tie up different
combinations of surface sites; i.e. each adsorbed form
has a characteristic landing-area. Hence, the relative
amounts of these adsorbed forms, or the landing-area
distribution determines the catalyst selectivity. A




of the surface can change the
Gates and his coworkers describe hydrogenolysis
and isomerization as two different surface reactions
The mechanism of hydrogenolysis involves the adsorption
of adjacent carbon atoms of the reactant onto adjacent
metal atoms of the catalyst. The C-C bond ruptures by
dehydrogenation of the adsorbed carbons followed by
rehydrogenation of these carbon fragments.
Hydrogenolysis reactions require high temperatures
5
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and strong bonding of reactants to the catalyst and are
therefore difficult to accomplish.
Isomerization, on the other hand, requires the
interaction of the reactant with an acidic site on the
catalyst surface. The mechanism involves the proton-
ation of thc reatant by a Brcnsted acid site. The
ensui q carbonium ion is held on the surface through an
ionic interaction with the negatively charged surface
atom. The carbonium ion then undergoes some type of
yroup migration followEl by reprotonation of the
4.alyst s.,e. The isomeriz product is then desorbed
15-om the sLrface freeing the site for further catalytic
activity. The .31.1owing discussion will illustrate
the abt--- *I.Anism for the isomerization of xylene.
A s'.1bstantial number of publications and patents
deal with the i, - nerization of enes, a homolog of
trimetbylberzene. CL...tez stied the vapor-phase
isomerization of xyienes over a silicia-alumina




pressures Lo 220 psi. They found that the
hydroge- is to toluene ad the disproportionation to
trime enzenes are the 2 major competing reactions.
By labelling one isomer with deuterium and carrying out
the isomerizatior, they concluded that the interconver-




In a later report, they proposed a mechanism for
the isomerization of xylenes based on molecular orbital
calculations. They postulated that after the xylene
isomer is adsorbed onto a surface acid site, a dis-
rotatory cyclization of the protonated species occurs
to form a bicyclo [3,1,0] hexenyl complex followed by
methylene bridge migration to a new side. The new
complex changes back into the corresponding Wheland
type structure followed by desorption of the isomerized
xylene from the catalyst surface, figure
The isomerization of trimethylbenzene was studied
over an acidic and nonacidic platinum catalyst at 500°C
and 400 psi partial pressure of H2. It was found
trimethylbenzene was converted to products via reac-
tions A. and B. of figure 3A. The percent composition
over the platinum on acidic alumina differs markedly
from that with platinum on nonacidic alumina.
When using the acidic catalyst the three tri-
methylbenzene were very near their equilibrium com-
positions. However, with the nonacidic catalyst only
10 % of the isomerized products were formed. Trace
amounts of tetramethylbenzenes [Figure 3A Reaction C]
were found at relatively high total conversion. The
authors concluded that the metal, or hydrogenation
function, catalyzed demethanation and the support, or
acidic function, catalyzes isomerization by methyl
8
FIGURE 1







The pro:Jucti()n of tetramethyl-benzener is





The technology of hydridesulfurization has been
well establish. Petroleum stocks of every conceiv-
able molecular weight range are now being treated to
remove sulfur, although the particular chemical reac-
tions taking place have not been well defined. The
catalysts used in hydrodesulfurization remove sulfur
9
quite selectivity without excessive consumption of
hydrogen, excessive meaning greatly in excess of
stoichmetric requirements
(9)
Schuman lists a number of extensive reviews of HDS
involving petroleum fractions, distillates, and
resduums
(10)
. Gates also describe HDS in the book,
Chemistry of Catalytic Processes.
The catalysts involved in hydrodesulfurization
usually consist of alumina-supported oxides of Co and
Mo termed cobalt molybdate. Ni and W have also been
sucessful in HDS. Molybdenum or tungsten appears to be
necessary for HDS, since Co or Ni alone show no sig-
nificant activity. Combinations of Co (or Ni) and Mo
(or W) are more active than Mo or W alone, and Co and
Ni are therefore generally described as promoters.
The catalyst may become sulfided during normal
operation or by pretreatment with 112
S. Sulfiding a
catalyst exchanges the smaller oxygen atoms with larger
sulfur atoms creating anion vacancies on the surface.
It is the interaction of the promoter, metal, sulfur
and oxygen exchange, that Gates suggests as the
catalytic site for hydrodesulfurization.
He proposes three surface reactions involving
gaseous H2, the sulfided catalytic site, and the reac-


















+ 2 H 9 HS + ---Js 
+ 2e (3)
Where = Adsorbed H atom
= Anion vacancy on
on catalyst surface
elfictron
In the first step a molecule of hydrogen is ad-
sorbed onto the surface through. redu-lHv.?
The second equation involves a molecule f thi.ophene
adsorbing onto the anion vacancy. Two adjacert protons
add to the thiophene molecule to produce the olefin and
the S
-2 
anion. In the third tep, the anion will add 2
H to form H
2
S gas and free the site for further
catalytic activity
(11)
The hydrogenolysis of benzothioph, and dibenzo-
thiophene was iniestigated over a C 03/A1203
catalyst at atmospheric pressure 0,-..1..ug a fixed bed
reactor. The products were ethylbenzene and biphetiy1
respectively. The kinetic data showed the
hydrogenolysis of benzothiophene was first order in
both the organic compound and in hydrogen. The authors
11
suggested a reaction mechanism, figure 3B, where the
benzothiophene is either converted to ethylbenzene
through simple sulfur extrusion, or to the dihydro-
benzothiophene with rapid conversion to ethyl-ben-
zene(12)
Bartsch's results were supported by Kilanowski.
Kilanowski reacted hydrogen and pure sulfur-containing







atmospheric pressure and temperatures of 350 to 450
o
C.
They found that the aromatic compounds reacted with
hydrogen by simple sulfur extrusion. The reactivities
of thiophene, benzothiophene, and dibenzothiophene were
roughly the same, with each hydrogenated compound being




The hydrodenitrocienation of synthetic fuels, and
primarily of model compounds such as pyridine and its
homologs, has come under the scrutiny of researchers in
the past 15-20 years. Because of the high concentra-
tions of NO
x 
produced when synthetic fuels are burned,
it has become necessary to remove the nitrogen before
utilization. Katzer explains that nitrogen containing
compounds severely reduce the activity of cracking,
reforming, hydrocracking, hydrodesulfurization,
hydrogenation, and isomerization catalysts by reacting
12
with acidic sites on the catalyst surface
(14)
Endol and his coworkers examined the deactivation
of molybdate catalysts by nitrogen bases. They at-
tributed the detrimental effect to interactions of the
bases with Lewis acid sites via unpaired electrons on
the nitrogen, or to the ability of the bases to remove
protons from the catalytic surface. The latter effect
results in a decrease of 2ronsted acid sites, known to
be active in catalytic reactions, thereby enhancing the
(IS
rate of coke forming reactions 
)
HDN proceeds by a differert mechanism than NUS.
Nelson and Levy reported that denitrogenstion requres
a much larger hydrogen consumption then desulfur-
ization, owing to the need for complete s.)tzA:2
carbon atoms either bound directly to nitrpoun or one
carbon atom removed from it. This high hydrogen
requirement was noted for HDN both in the presence and
absence of sulfur. In contrast, ring hydrogenation is
not required for HDS
(16)
McIlvried studied the mechanism of pyridine
denitrogenation and concluded that pyridine underwent
HDN through the following mechanism substantiat'ug the







3 C 5 H 2
Flinn and coworkers denitrogenated several model





that quinoline is by far the most difficult to
decompose during hydrogenation, while aniline and
n-butylamine are the most readily destroyed. The
stability uf the six-membered-ring nitrogen compound is
undoubtly related to a resonance energy stabilization.
It is apparent that increasing the size of the non-
nitrogen portion of the molecule reduces the rate con-
stant of denitrogenation, perhaps by making catalyst
contact more difficult
(18)
Doelman and Vlugter also studied the HDN of
quinoline over Co-Mo/A1 203 and concluded that 1,2,3,4-
tetrahydroquinoline, 5,6,7,8-tetrahydroquinoline and
several primary and secondary amines were reaction
intermediates(19).
For the same reaction Aboul-Gheit reported first
14
order kinetics with respect to total nitrogen content
and proposed o-propyl aniline as a reaction in-
termediate
(20)
Shih and coworkers also examined the reaction
network and kinetics of quinoline HDN. They propose0
the mechanism shown in figure 3C with the breaking of
the saturated nitrogen containing ring as the rate
controlling step, again fulfilling the ring saturation
requirement. Figure 3C has become generally accepted




















The Xytel 5000, a plug-flow reactc- system, was
used in the trimethylbenzene study. Two schematics,
figure 4A and figure 4B have been provided to il-
lustrate its design and operation. The 5000 is com-
posed of a number of modules, a dedicated microproces
sor, and a CRT for operator-instrument interaction.
Below is a brief description and function of each
module.
A. Reaction Gas Modules
The instrument is fitted with two identical test
gas modules, A. and B. The input gas enters the module
at the upstream pressure sensor, PT21, from 6000 psi gas
cylinders. The reactant gas travels to the reactor via
a flow control valve, FC21A, and 2 automatic on/off
valves, AV21A and AV101. From the bottom of the reactor,
the output gas flows through a back pressure regulator,
BPC81 (used for reactor pressure regulation), and into a
wet test meter.
B. Liquid Delivery Module
The reactant is placed into V51 and fed into the
pump, P51A, via a 5 psi blanket of inert gas. From the
pump the liquid travels through a pressure sensor,
16
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PT51A, through an automatic on/off valve, AV51A, and
into the liquid delivery manifold.
C. Reactor and Furnance
The reactor, a 24" x 3/4"id x 15/16"od stainless
steel tube, and furnance are divided into 3 independent
regions. Each zone of the reactor is monitored by
separate thermocouples, TC201  - TC203, to insure
uniform temperature throughout.
D. Sampling
The products leave the bottom of the reactor,
through a double tube heat exchanger, and into a
vapor-liquid separator. Samples of the separator are
taken periodically throughout the experiment.
E. Operation
The reactor temperature and pressure are
programmed into the computer. The computer monitors
and adjusts the values for the furnance and back
pressure controller until the desired setpoints are
reached. The hydrogen flow is also determined by the
computer via the flow controller, which opens and
closes until its setpoint is reached.
Once the proper H
2 
flow, reactor temperature, and
pressure is obtained the trimethylbenzene is fed into
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T40 commercial catalysts, a Co-Mo/A1203 from
American Cyanamid and a Ni-W/A1203 from Harshaw
Chemical, were chosen for this study. Their physical
properties are listed below.
HDS-1442A Ni-4301
(American Cyanamid) (Harshaw Chemical)



















To investigate the variations found among the
product distributions for the commercial catalysts, it
was necessary to prepare catalysts with different metal
loadings. The following procedure was used in their
preparation.
20
I. Incipient wetness of the support determined
experimentally.

























dissolved in D.I. water.
III. Impregnation of the metal solution onto the
support.
IV. Dried at 110°C overnight.
V. Calcined at 550
o
C for 3 hours.
The trimethylbenzene isomers were reagent grade
chemicals obtained from Fisher Scientific and were used
without further purification.
G. Reaction Conditions
Unless otherwise specified, 10.00 grams of
catalyst were placed into the reactor and packed on
either side with quartz wool and glass beads, figure
48. Each catalyst was reduced overnight at 500°C with
a 5 ml/hr flow of H2. (Note: Sulfided catalysts were
generated in situ by adding excess CS2 to the feed.)
After reducing the catalyst, the reactor tem-
perature was decreased to 480°C, reactor pressure was
increased to 400 psi, and the H2 flow increased to 15
21
liters/hr. Upon reaching the desired conditions, a 10
ml/hr flow of charge was passed into the reactor and
over the catalyst bed. The product stream was sampled
every hour over a 6 hour period.
See table 1 of the Results and Discussion for a
summary of the experiments.
H. Analysis
All analyses were carried out on a Varian model
3700 Gas Chromatograph interfaced with a Hewlett-Pack-
ard 3390A rec:Irding-integrator.
A 12' x 1/8" stainless steel column packed with 5%
Bentone and 5% dioctylphthalate on Supelcoport was used
to separate the products. The column was held at 60
o
C
for one minute and then ramped at 150C per minute tfl a
final temperature of 160°C for 4 minutes.
II. HDN/HDS RtACTIONS
Ficre depict .s autoclave in cross-section.
Two 1-lurogen inlet systems were installed. One al-
lowed for direct hydrogen flow over the catalyst, and
the o+- her was used to pressurize the autoclave to run
conditions. The autoclave was also fitted with a
sample and vent lines to permit sampling at any given
time.
The reactants were fed into the autoclave through
a 500 ml stainless steel vessel and kept homogeneous
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with constant stirring. The reaction temperature was
monitored by a thermocouple placed inside a thermowell.
A. Catalysts/Reagents
The catalysts used in this study were described
earlier.
All regents were reagent grade chemicals obtained
from Fisher Scientific and were used without further
purlfication.
Reaction Conditions
Ten grans of catalyst were i-laced inside the
basket and reJuced overniyht at 5000C with 5 ml/hr
hydrogen. The autoclave was cooled to 100
o
C before
charjing to elimitlat t:ne nossibility of thermal shock.
The charge, 80C mis tot, consisted of tetrahydro-
naphthalene, tetrz-; .s the don .olvent, 1 %
nitrogen in the .7.)27m of qui )1in, and 1 % .:1fusk- as
benzothiophen. The auLoclave was brought o to reac-
tion temperature, V.:"°C, and iiessurized with H
2 
to the
expe):imental cmitions InL iiately following pres-
surization, ,171mple was take- , 1-1(1 defined as time
zero. Ad hal samples were taken at one hour inter-
C. Analysis
The analysis of the HDN and HDS reactions were
carried out using a 6' x 1/8" stainless steel column
24
packed with 10% Carbowax supported on Supelcoport. The
column temperature, initially 55°C, was ramped to a




The weight % of each component was determined from
the integrated GC peaks.
















Each peak in the chromatogram was identified by
comparison to retention times of known standards.
Each weight % was converted into a mole percent.
The mole % of each component was then monitored throug-
hout the run and plotted as a function of the reaction
time. Figure 7A illustrates a typical product dis-
tribution for the TMB conversion.
The total concentration of xylenes and trimethyl-
benzenes have been subdivided into the relative amounts
of each iosomer, figure 78 and figure 7C.
The total benzene, toluene, and xylene fractions
give the mole % hydrogenolysis product. The total
amount of the 3 tetramethylbenzene isomers give the
mole % disproportionation product. Finally, of the
three trimethylbenzene isomers, the charge was taken
as the mole % unreacted while the remaining 2 isomers
were taken as the mole % isomerization. These values
are shown graphically in figure 7D.
Because of a rapid increase in temperature occur-
ring at the beginning of the reaction and because of
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sample *3, was taken to be representative of the
catalyst activity and selectivity. Table 1 summarizes
the experiments conducted in the TMB conversion as a
function of the catalyst and the charge. The values
for columns A,B, and C are the mole %'s from the middle
sample of each run. Table 2 illustrates the mole % of
each product formed for the middle sample of each ex-
periment.
The data from Table 1 are shown graphically in
figure 8. The most notable characteristic is the
difference between the selectivxy of the catalysts for
isomerization. The three commercial Co-Mo/A1203
catalysts (runs 19-21) show little selectivity for
isomerization and no selectivity towards dispropor-
tionation, while the four commercial Ni-W/Si02-A1203
catalysts (runs 5-8) show a marked inciease towards
isomerization and disproportionation. Although the
differences are striking, the explanation for the
selectivity is still unclear.
Experiments were conducted to test whether the
nature of the catalyst plays any significant part.
Several questions were addressed:
1) Is the difference in selectivity due to
the metals present, and if so which ones?
2) Does the order of metal impregnation
play a role?
30
3) What effect does sulfiding have on the
selectivity?
4) Is the acidity of the catalyst responsible
for the variation?
Each metal was impregnated separately on support
and its selectivity determined.





displays the same selectivity as the commercial
catalysts (runs 1-4).
The selectivity of the Co/A1203 and the Mo/A1203
catalysts shows little resemblance to that of the
commercial catalysts (runs 14-16), and actually shows
an increase in the % isomerization.
The commercial catalysts used in this research
consisted of 2 different metals bound to a support. In
thz next series of experim nts the effect of the im-
pregnation order was determined by impregnating the
first metal, M(1), onto 
Al203' 
and impregnating the
same catalyst with the second metal, M(2). Each im-
pregnation was followed by a drying and calcining step.
These type of catalysts are denoted M(1)-M(2).
The Ni(1)-W(2)/A1203 and Ni(2)-W(1)/A1203 series
(runs 9-12) are within the same range as the commercial








CHARGE(TMB) FLOW(ml/h) A B C_
1 Ni 1,3,5 10 11 0 0
2 Ni 1,3,5 10 50 0 0
3 W 1,2,4 20 49 20 6
4 W 1,2,4 20 46 21 6
5 Comm. Ni-W 1,2,4 20 55 29 5
6 Comm. Ni-W 1,3,5 20 52 31 6
7 Comm. Ni-W 1,3,5 30 50 37 7
8 Comm. Ni-W (2g) 1,3,5 20 39 32 .
9 Ni(1)-W(2) 1,3,5 20 63 27 4
10 Ni(1)-W(2) 1,3,5 20 51 23 4
11 Ni(2)-Wkl) 1,3,5 20 59 36 6
12 Ni(2)-W(1) 1,3,5 10 64 24 3




14 Co 1,2,4 10 9 5
15 Co 1,2,4 10 8 7
16 Mo 1,3,5 10 27 20 0
17 Mo 1,3,5 20 22 14 0
18 Mo 1,2,4 20 21 9 0
19 Comm. Co-Mo 1,2,4 20 73 1 0
20 Comm. Co-Mo 1,2,4 20 52 1 0
21 Comm. Co-Mo 1,2,4 20 66 2 0
22 Co(1)-Mo(2) 1,2,4 10 46 5 1
23 Co(1)-Mo(2) 1,2,4 10 62 5 0
24 Co(1)-Mo(2) 1,2,4 10 59 5 1
25 Co(2)-Mo(1) 1,2,4 10 62 11 1
26 Co(2)-M0(1) 1,2,4 10 59 5 1








Unless otherwise specified, the reactor was charged
with 10.00 g of catalyst.
A is the mole % Hydrogenolysis
B is the mole % Isomerization




TRIMETHYLBENZENE CONVERSION OF MIDDLE SAMPLE
TEf
1 2.05 2.49 6.39 0.00 0.00 89.07 0.00 0.00 0.00
2 13.49 0.6: 35.60 0.00 0.00 50.23 0.00 0.00 0.05
3 7.87 1.41 18.18 9.31 12.00 13.30 25.61 6.53 5.78
4 5.86 4.82 17.62 8.66 12.37 13.42 27.06 7.65 5.51
5 13.27 1.88 18.39 10.58 10.42 11.77 22.85 5.69 5.16
6 12.24 1.81 17.30 10.68 10.36 12.38 23.13 6.13 5.87
7 10.49 1.92 16.88 10.29 10.01 12.86 24.00 6.55 7.00
8 5.71 1.65 14.30 8.22 9.55 16.00 28.23 8.59 6.81
9 16.19 11.06 15.23 8.82 11.78 10.77 17.58 5.41 3.51
10 14.22 8.61 14.91 7.80 11.77 12.12 20.13 6.43 4.01
11 15.06 7.03 15.06 10.48 11.75 11.59 16.90 6.93 5.68
16.75 8.34 15.99 10.37 12.13 10.08 17.68 5,56 3.34
13 8.19 0.00 18.96 11.16 11.32 13.66 25.49 6.59 4.84
14 0.21 0.00 1.99 3.31 1.70 3.00 85.32 2.29 0.23
15 0.13 0.00 .38 2 2 1.84 4.32 84.52 3.12 0.05
16 - 44 1,59 .J.71 4.08 3.37 52.92 18.53 2.09 2.09
17 4./6 9 8.90 3.74 3.04 63.14 13.27 1.19 0.00
18 4.13 1.05 3.73 1.57 11.31 5.19 69.08 4.00 0.00
19 24.24 18.54 2.30 0.97 27.04 0.31 25.50 0.86 0.00
20 15.22 14.69 2.08 0.87 19.53 0.38 46.44 0.72 0.00
21 18.61 14.76 7.15 2.97 22.91 0.71 31.30 1.56 0.00
22 8.44 2.07 11.57 5.37 18.74 2.59 48.51 1.82 0.68
23 15.52 4.17 12.34 5.12 24.61 3.15 32.77 2.13 0.33
24 14.72 4.17 11.61 4.91 23.93 2.99 34.87 2.13 0.75
25 16.15 6.02 12.95 4.99 21.89 4.98 26.31 1.77 0.59
26 14.67 3.82 11.59 4.75 23.78 3.28 36.19 1.49 0.59
27 1.28 0.11 8.49 5.43 4.13 9.97 62.64 7.03 0.95
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Co(2)-Mo(1)/A1203 catalysts (runs 22-26) show selec-
tivity comparable to that of the commercial runs.
Because of the interaction of sulfur with surface
sites, the selectivity of the sulfided catalysts were
determined by adding an excess of CS
2 
to the feed. The
selectivity of the commercial Ni-W(S) stayed nearly the
same, while the percent isomerization of the com-
mercial Co-Mo incresed signficantly.
Examination of the data reveals that commercial
Co-Mo catalysts are active hydrogenolysis catalysts but
rather inactive for isomerization. Sulfiding Co-Mo
catalysts greatly increases the isomerization activity.
Furthermore, it appears the molybdena alone on alumina
is active for both isomerization and hydrogenolysis.
The data seem to indicate that cobalt serves to poison
molybdena isomerization activity when the catalyst is
in the oxide form.
The NiW and tungsten oxide catalysts are both
active for hydrogenolysis and isomerization. Nickel





, has little influence. Reaction C,
disproportionation, occurs only in the presence of
supported catalysts containing W. If W is not present




Table 3 summarizes the experiments and parameters
Involved in the simultaneous HDN, HDS study.
Figure 9 illustrates a typical chromatogram ob-




















Peak identification was determined by comparison
to known standards.
Figure 10 illustrates a typical product dis-
tribution. Although Shih reported that the HDN of
quinoline follows a complex hydrogenation, hydrogen-
olysis mechanism, this analysis has shown the presence
of quinoline, tetrahydroquinoline, and orthopropyl
aniline exclusively
(22)
. The presence of these three
products have been confirmed by mass balance.
It was found that benzothiophene underwent HDS by
simple sulfur extrusion with ethylbenzene as the
primary product.
The decalin, tetralin, and naphthlene interconver-
sion was taken to be constant and has been left out of
the analysis. Table 4 summarizes the weight % of each
component throughout the individual runs.
The effects of sulfiding the catalyst and varying
the partial pressure of H
2 
were monitored by following
the weight % of quinoline and ortho-propyl aniline for
the HDN reaction, and the disappearance of benzo-
thiophene for the HDS reaction. (Note: The orthopropyl







RUN -CATALYST FORM PRESSURE SOLVENT
1 Ni-W REDUCED 1%N + 1%S 2000 PSI THN
2 Ni-W REDUCED 1%N + 1%5 1600 PSI THN
3 Ni-W REDUCED 1%N + 1%S 1200 PSI THN
4 Ni-W SULFIDED 1%N + 1%S 2000 PSI THN
5 Ni-W SULFIDED 1%N + 1%S 1600 PSI THN
6 Ni-W SULFIDED 1%N + 1%S 1200 PSI THN
7 Co-Mo REDUCED 1%N + 111S 2000 PSI THN
8 Co-Mo REDUCED 1%N + 1%S 1600 PSI THN
9 Co-Mo REDUCED 1%N + 1%S 1200 PSI THN
10 Co-Mo SULFIDED 1%N + 1%S 2000 PSI THN
11 Co-Mo SULFIDED 1%N + 1%S 1600 PSI THN
12 Co-Mo SULFIDED 1%N + 1%S 1200 PSI THN
kll catalysts were the commercial catalysts defined
1% N as Quinoline; 1% S as Benzothiophene; and excess
added if sulfided catalyst desired. All experi-
Its were run at 3250C.
* *
TeN - Tetrahydronaphthalene
c.sappearance of tetranydrogniaol:ne. The disap-
pearance '3f benzothiophene was taken to be equal to the
producton o ethylbenzene. Therefore, tetrahydro-
gu—olin and ethylbenzene were left out of the discus-
sion).
The conversion of quinoline over the various
catalysts and various partial pressures of H2 
is shown
in figure 11. Figure 12 shows the 1st order disap-
pearance of quinoline, which is in good agreement with








(HRS) 1 2 3 4 5 6
0 11.53 13.40 13.29 13.00 17.85 14.77
1 7.54 7).80 6.78 10.09 12.76 7.46
2 5.21 2.56 2.22 2.85 6.81 2.85
1 1.32 0.93 0.76 0.94 3.39 1.88
0.53 0.37 0.39 0.26 1.75 0.82
L, 0.21 0.21 0.26 0.35 0.67 0.56
7 8 9 10 11 12
0 i6.32 /3.65 15.43 12.85 14.24 13.91
1 3.45 3-34 3.78 4.29 4.08 1.75
2 n.65 0.62 0.73 1.03 0.91 0.37
3 0.40 0.22 0.29 0.43 0.41 0.00
4 0.15 0.00 0.18 0.36 0.20 o.nn
5 0.07 0.0'.', 0.10 0.21 0.08 0.00
WIGHT % TZTRAHYDROQUImnr -
TIME RUN #
(HRS) 1 2 3 4 5
0 2.17 1.86 1.4 2.4r 1.12 1.58
1 8.01 S.16 6.6 9.7 5.63 7.43
2 9.80 L1.b3 3:.37 16.05 11.43 12.06
3 13.96 13.67 2.75 1 .16 13.92 13.36
4 14.87 14.29 AO 17.93 15.67 14.47
5 14.'25 12.04 .06 16.87 16.35 14.18
7 8 9 10 11 12
0 1.51 0.91 1.30 6.22 2.38 1.61
1 11.96 1.11 7.12 13 12 10.97 12.37
2 15.07 13.20 11.68 1C.61 13.64 13.67
3 14.66 13.03 12.49 16.74 13.38 13.41
4 14.07 13.69 12.75 16.70 12.01 12.95
5 13.73 13.29 10.67 16.88 12.14 12.40
WEIGHT % ORTHO-PROPYL ANILINE
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TIME RUN It
(HRS) 1 2 3 4 5 6
0 0.00 0.00 0.00 0.00 0.00 0.16
1 0.00 0.00 0.00 0.20 0.26 0.17
2 0.30 0.00 0.00 0.30 0.23 0.27
3 0.30 0.00 0.00 0.35 0.20 0.34
4 0.33 0.00 0.00 0.47 0.14 0.40
5 0.35 0.00 0.00 0.47 0.08 0.41
7 8 9 10 11 12
0 0.17 0.00 0.13 0.30 0.00 0.13
1 0.94 0.49 0.56 0.93 0.33 0.73
2 1.26 0.96 1.05 2.89 0.58 1.35
3 1.23 1.20 1.30 2.75 0.82 1.55
4 0.98 1.30 0.00 2.44 1.05 1.53
5 0.78 1.20 0.00 1.95 1.30 1.41
WEIGHT % BENZOTHIOPHENE
TIME RUN %
(L-IRS) I 2 3 4 5 6
0 7.43 5.26 6.02 10.83 9.20 6.89
1 6.92 6.19 6.07 9.58 8.67 6.78
2 6.62 6.04 5.59 8.93 8.78 6.67
3 6.36 5.86 5.01 8.02 8.35 6.45
4 6.20 5.66 4.62 7.75 8.58 6.10
5 5.66 4.50 4.11 6.62 8.23 5.73
7 8 9 10 11 12
0 6.55 5.36 6.25 8.32 6.83 6.61
1 3.99 4.55 4.89 7.00 5.50 5.50
2 2.53 3.28 4.27 5.89 3.73 3.56
3 1.38 1.96 2.77 4.13 2.55 2.77
4 0.58 1.24 0.10 0.15 0.10 0.11




(HRS) 1 2 3 4 5 6
0 1.00 1.64 1.02 0.00 1.23 0.78
1 0.83 0.94 1.00 1.09 1.00 0.81
2 0.87 0.91 1.65 1.33 1.08 0.99
3 1.00 1.08 2.25 1.56 1.10 1.21
4 1.33 1.28 2.71 2.38 1.23 1.53
5 1.04 1.22 3.24 2.56 1.41 1.67
7 8 9 10 11 12
0 1.02 0.83 0.79 1.09 0.87 0.67
' 3.97 1.27 0.83 1.36 1.60 1.36
2 5.15 2.09 1.99 2.23 2.49 2.72
3 6 lg 2.99 3.45 2.30 3.56 J.89
4 6.69 4.21 5.00 4.0'.: 4.34 4.80
5 6.63 4.80 5.34 5.40 5.10 1.25
The benzothiophene co,Iversion is shown in figure
13. The data seem to indicate the reartioil is zero
order in benzothiophene,
(24)tion with Bartsch
is in direct contradic-
MC (iiferet reaction :a-der',
may be explained on the basis of reartion pressure.
Bartsch used atmospheric pressure. Figure 13 is based
on pressures ranging from 1200-2000 ps At these
conditions there rray be total saturatio-.: of the surface
which would tend to make the reaction zero order in
substrate.
The Co-Mo and Ni-W runs .how little dependence
upon pressure, except for the 1600 psi Ni-W runs which
show a decrease in the HDS activity of the catalyst.
43
This observation has not been clearly explained.
The formation orthopropyl aniline is shown in
figure 14. The first order plots of OPA production are
shown in figure 15, again in agreement with the current
literature. The weight % OPA formed seems to be de-
pendent on the catalyst form and type. In considering
the difference between the 2 forms of an individual
catalyst the sulfided form is more active. In con-
sidering the difference between the two catalysts,
Co-Mo is more active. This trend may be due to the
increased hydrogenolysis activity of the Co-Mo as found
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A number of conclusions can be drawn from tis
research.
I. TRIMETHYLBENZENE CONVERSION
1. The results indicate Ni-W has a greater
concentration of surface acid sites than








3. The presence of sulfur seems to interfere
with the activ 'tes an-9 ne(ites
ectivity.
1 . I ./ HDS REA
1. Under the conditions employed, the HDS
of benzothiophene is favored by both
catalysts with no difference observed.
2. Quinoline did not undergo HDN with either
catalyst at these conditions. Higher
temperatures are needed to effect
HDN.
3. The HDN of quinoline only went as far as the
production of ortho propylaniline. The
49
50
removal of nitrogen was not accomplished
with either catalyst.
4. The only difference between Co-Mo and Ni-W
detected, was the increased production of
OPA for the Co-Mo catalyst. This can be
attributed to the increased hydrogenolysis
activity of the Co-Mo found in the TMB
conversion.
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